The prevalence of cardiovascular disease (CVD) among young adults is increasing, due in large part to a greater prevalence of obesity and associated comorbidities among youth. 1 Autopsy studies demonstrate that the burden of CVD risk factors early in life is associated with an accelerated progression of coronary atherosclerosis in adolescents and young adults. 2, 3 One of the earliest manifestations in the pathogenesis of coronary artery atherosclerosis is arterial dysfunction, including, but not limited to, arterial stiffening. 4 Arterial stiffening is normally associated with diseases of senescence, however, can develop in youth with extreme CVD comorbidities, (ie, diabetes, hypercholesterolemia, and severe obesity). [5] [6] [7] As the majority of studies of arterial stiffness in youth are restricted to clinical populations, it remains unclear if CVD risk factor clustering is associated with arterial stiffness in a continuous manner at the population level.
In adults, high levels of physical activity significantly reduce the risk of cardiovascular morbidity and mortality. This cardioprotection can be attributed to favorable effects on CVD risk factors and reduced arterial stiffness. 8 Observation and experimental studies demonstrate that high levels of physical activity confer protection from arterial stiffening associated with aging, obesity, and type 2 diabetes. [9] [10] [11] [12] As cardiovascular risk profiles in youth are related to cardiovascular risk profiles in adulthood, it is unclear if the vasculo-protective effects of physical activity are evident at the population level in youth. In an attempt to address these limitations we conducted a population-based study to test the hypothesis that arterial stiffness was positively associated CVD risk factor clustering and negatively associated with habitual physical activity in youth 12-14 years old.
Methods

Study Design Population and Sampling Procedures
This was a cross sectional study of 485 youth 12-14 years of age (male = 275) nested within a prospective cohort study of asthma, genes, and the environment (SAGE). 13 The cohort was originally established by a stratified random sample of families from the 1995 Manitoba Birth Cohort oversampled for children with asthma. 14 Parents provided consent for their child and each youth assented to participate. The study was approved by the Biomedical Research Ethics Board at the University of Manitoba (protocol number H2007:50), in accordance with the Declaration of Helsinki.
Study Protocol and Research Methods
All measurements and questionnaires were completed during a 1-day, 3-hour visit between March 2007 and March 2009, when youth were 12-14 years of age. Upon arrival to the laboratory, participants provided a fasting blood sample for serum lipids, glucose, and insulin. Height and weight were measured in duplicate using a wall mounted stadiometer and a scale, respectively. Body mass index (BMI) was calculated using the formula kg/ m 2 and separated into lean, overweight, and obese based on age and sex cut-points from the International Obesity task force. 15 Waist and hip circumference were measured at the level of the iliac crest and gluteal prominence, respectively. 16 Primary Outcome Variable: Arterial Stiffness. Arterial stiffness was assessed with 2 separate methods: 1) pulse wave velocity (PWV) to assess large artery stiffness and 2) pulse wave analysis (PWA) to estimate central arterial pressure using a SphygmoCor PVx system (AtCor Medical, Sydney, Australia). All assessments of arterial stiffness were obtained following a 5-minute rest period with participants in the supine position. During this time, blood pressure (BP) was measured in triplicate. PWV was determined by measuring the transit time of a pressure wave between the carotid and radial arteries. 17 We measured segmental PWV (carotid-radial) as we could not obtain consent for femoral artery palpation. Surface distance was measured using a measuring tape over the sternal notch to the carotid and radial arteries. Waveforms were collected with a hand-held tonometer and calculations were performed using the foot-to-foot method. 18 Immediately following PWV measurements, peripheral waveforms were collected from the left radial artery to determine central augmentation index (AIx), a measure that is influenced by arterial stiffness. A mathematical transfer function was applied to radial waveforms to estimate aortic AIx using a formula provided within commercially available software 19 and normalized to a heart rate of 75 bpm. Although the measure of PWA has not been fully validated in children, others have used it in similar cohorts of youth and the relationship between age and AIx is linear. 20, 21 All measures were collected in duplicate, and if the 2 differed by more than 10% a third measurement was taken and the most extreme value was discarded as recommended by the American Heart Association working group on assessing vascular function in youth. 22 Primary Exposure Variables. Cardiometabolic Risk Factor Clustering: A composite cardiometabolic risk score was created for each participant by adding individual Z-scores for each of the following variables: waist circumference, cholesterol, LDL, glucose, insulin, triglycerides, the ratio of cholesterol/HDL, systolic and diastolic blood pressure as previously described. 23 Only youth with all 9 Z-scores were included in the analysis.
Physical Activity: Physical activity was determined with a 12-month physical activity recall instrument (Adolescent Physical Activity Recall Questionnaire) 24 that included questions regarding organized and nonorganized activities. Each specified activity was assigned a metabolic equivalent score (MET) using the Compendium of Physical Activity. 25 Each activity was than multiplied by the self-reported weekly frequency and duration to determine total METs/week. Activities were stratified into light (< 3 METs), moderate (3.1-5.9 METs), or vigorous (> 6 METs) in accordance with previous guidelines. 26 Furthermore, along with total physical activity, youth were also stratified into tertiles of vigorous physical activity to determine if more robust associations were seen with higher intensity physical activity. The average number of vigorous physical activity METs/week within each of the tertiles was 8.1, 30.0, and 66.01 METs/week, respectively.
Statistical Analyses
The a-priori primary study hypothesis was that arterial stiffness would be positively associated with CVD risk factor clustering and negatively associated with physical activity in a dose-response manner. Data were analyzed using SPSS version 16.0 (SPSS Inc., Chicago, IL, USA). All variables in the tables are presented as means and standard deviations; figures are presented as means and standard error. Sex-specific differences were tested with an independent student T and Kruskal-Wallis tests for normally and nonnormally distributed variables respectively. An ANOVA with a Bonferroni correction was used to test for differences between tertiles of either cardiometabolic risk or self-reported vigorous physical activity. Group-wise differences in outcome measures were assessed using a multiple linear regression analysis, adjusting for confounding differences. A P < .05 was considered statistically significant and secondary analyses were adjusted for multiple comparisons.
Results
Demographics
Of the 485 youth recruited for this wave of the cohort study, valid measures of PWV and AIx were available on 294 and 282 youth, respectively. Sex differences in AIx, participation in self-reported physical activity (both total in addition to vigorous) and resting heart rate were observed (Table 1 ). There were no sex-based differences in anthropometric variables or cardiometabolic risk factors. The mean and 95% confidence intervals for carotid-radial pulse wave velocity were 7.63m/s (95% CI: 7.44-7.81) and 7.48m/s (95% CI: 7.29-7.66) for boys and girls, respectively. Augmentation index, normalized to a heart rate of 75 beats/min was -.05% (95% CI: -2.37 to 1.37) and 2.59% (95% CI: 1.01-4.18) for boys and girls, respectively.
Primary and Secondary Outcome Comparisons
Cardiometabolic Risk and Arterial Stiffness in
Youth. When youth were stratified into tertiles of cardiometabolic risk, significant differences in BMI and individual CVD risk factors were observed as per the study design (Table 2) . Aortic central systolic (88 ±6 vs 96 ±7 mmHg), and pulse pressures (27 ±5 vs 30 ±6 mmHg) and additionally heart rate (69 ±9 vs 74 ±9 bpm) were significantly (P < .05) higher among youth in the highest tertile of cardiometabolic risk score relative to those with low cardiometabolic risk ( Table 2 ). These differences were no longer significant after adjusting for differences in BMI. No differences in either augmentation index or segmental pulse wave velocity were observed between youth (Table 2) .
Bivariate correlations revealed significant positive associations between the composite cardiometabolic risk score and aortic central pressures: cSP (r = .44, P < .01), in addition to weak but significant associations between cDP (r = .24, P < .01), cPP (r = .29, P < .01) and heart rate (r = .24, P < .01). Negative associations were seen with the cardiometabolic risk score and both total self-reported physical activity (r = -0.13, P < .01), and vigorous intensity activity (r = -0.12, P < .05). Among the individual risk factors, HDL was positively, although weakly associated with both augmentation index (r = .12; P < .05) and pulse wave velocity (r = .17; P < .05).
2. Physical Activity and Arterial Stiffness. When youth were stratified into tertiles of total self-reported physical activity, no differences were observed in demographic variables that would be expected to be different between active and sedentary youth (data not shown). When youth were stratified into tertiles of vigorous physical activity, the proportion of boys was higher within the upper tertile of vigorous physical activity than the lowest tertile (Table 3) . Youth in the highest tertile of vigorous physical activity displayed significantly lower fasting insulin (63.8 ±40.0 vs 81.8 ±78.7, P < .05), and a higher HDL level. Accordingly, the cardiometabolic risk score was significantly lower in youth within the highest tertile Cholesterol (mmol/L) 4.0 ± 0. of vigorous physical activity (-0.9 ±4.0 vs 0.9 ±5.9, P < .05; Figure 1 ). Despite the significant differences in cardiometablic risk scores across tertiles of vigorous physical activity, no differences in either augmentation index or segmental pulse wave velocity were noted. In addition to the composite cardiometabolic risk score, several individual variables were weak although significantly associated with vigorous physical activity, in particular: heart rate (r = -0.11, P < .05) insulin (r = -0.11, P < .05), HDL (r = .12, P < .05), and waist circumference (r = -0.10, P < .05).
Discussion
There are several novel findings from this cross sectional study of a population-based sample of youth 12-14 years of age. First, these are among the first population-based data for augmentation index and segmental pulse wave velocity in youth 12-14 years of age. Second, neither self-reported physical activity nor cardiovascular risk factor clustering are associated with peripheral arterial stiffness in youth. Finally, habitually active youth display a significantly lower cardiometabolic risk profile than their sedentary peers independent of differences in adiposity. This population-based study does not support previous studies demonstrating that arterial stiffness is associated with physical activity and cardiometabolic risk factor clustering in youth. 27 The data presented provide preliminary evidence for population-based reference data for carotid-radial pulse wave velocity and AIx for Caucasian youth 12-14 years of age. The values for segmental PWV are higher than values recently reported for the carotid-femoral PWV from a population-based cohort of Australian youth 8 to 10 yrs of age 27 and lower than reports from young men and women in Northern Ireland. 17 This is in line with the concept that arterial stiffness increases with age, but suggests that the stiffening process begins early in childhood. An elevated AIx has also been documented in prepubertal girls 28 and women over the age of 40, 29 suggesting that this may not be related to hormonal factors. The observation that girls displayed higher augmentation index than boys is interesting as rates of hypertension are typically greater among boys and men. 30 It is possible that these differences are related to differences in body size, peripheral vascular resistance, or activity levels.
While increased arterial stiffness has been documented in clinical cohorts of youth with chronic disease, [5] [6] [7] few studies have examined this relationship at the population level. A recent population-based study of youth 8-10 years of age from Australia, demonstrated that aortic pulse wave velocity is positively associated with several cardiovascular disease risk factors including, mean arterial pressure, serum triglycerides, insulin, and high-sensitivity C-reactive protein. 27 Using a similar population-based birth cohort, we found that only HDL was significantly associated with measures of arterial stiffness in youth. It is likely that the discrepant findings between the 2 studies are related to the different sites used to assess arterial stiffness. Segment-specific alterations in arterial function have been documented with aging and exercise training, however they may be less sensitive to CVD risk factors than central arteries. 31 The discrepant findings between these studies support the notion that studies of segmental differences in the exposure to age and CV risk factors are warranted to better understand of the natural history of arterial dysfunction in youth and young adults. 22 The benefits of endurance exercise on arterial stiffness are well documented in adults. 8, 10, 32, 33 Increased participation in physical activity attenuates arterial stiffening associated with aging and several chronic diseases. 9, 11, 34, 35 The recent report from the Lifestyle of our Kids (LOOK) Study support these observations, demonstrating that pulse wave velocity decreases with increasing fitness and, to a lesser extent, physical activity. 27 Importantly, the association between activity and arterial stiffness was mitigated after adjusting for body composition in the LOOK cohort, suggesting that the benefits of physical activity may be less pronounced in youth. This concept is supported by previous cross sectional studies of young (< 30 yrs), 17 middle-aged (40-55 yrs), and older (> 60 yrs) men, 8, 10 demonstrating that the strength of the association between activity and vascular function increases with age. It is possible that, among youth, the benefits of physical activity on arterial stiffness are only observed among those at either end of the fitness continuum.
The observation that vigorous physical activity was associated with cardiometabolic risk factor clustering supports previous population-based studies of youth. 23 Interestingly, the association was more pronounced with higher intensity physical activity. Similar observations were made by the European Heart Study group and support the concept that the intensity of activity is particularly important to accrue health benefits among youth. 23 Importantly, similar to previous studies, the favorable association was evident independent of body composition, suggesting a secondary mechanism for the cardioprotective effects of vigorous exercise in youth. 23 
Strengths and Weaknesses
These are among the first population-based data for CVD risk factors and arterial stiffness in a large sample of youth 12-14 years of age. Due to the large sample size and extensive protocol, we had to rely on self-reported measures to assess physical activity. Two recent population-based studies of youth that employed objective measures of physical activity, demonstrated significant associations between habitual physical activity and either cardiometabolic risk score and arterial stiffness. 27, 36 It is possible that with more accurate measures we may have observed similar associations. Finally, the application of a transfer function to estimate aortic augmentation index from peripheral waveforms has been questioned. Although models have not been developed for youth, the values obtained were in line with age-related trends and values obtained from radial tonometry have previously been used in adolescents. 20 
Conclusion
In summary, neither cardiometabolic risk factor clustering nor self-reported physical activity are associated with arterial stiffness in this population-based cohort of youth 12-14 years old. Higher levels of vigorous physical activity were associated with a lower global cardiometabolic risk profile in youth, independent of adiposity. Intervention studies are needed to confirm this observation.
